Focal cortical dysplasia (FCD) are associated with neurological disorders and cognitive impairments in humans. Molecular layer ectopia, clusters of misplaced cells in layer I of the neocortex, have been identified in patients with developmental dyslexia and psychomotor retardation. Mouse models of this developmental disorder display behavioral impairments and increased seizure susceptibility. Although there is a correlation between cortical malformations and neurological dysfunction, little is known about the morphological and physiological properties of cells within cortical malformations. In the present study we used electrophysiological and immunocytochemical analyses to examine the distribution of neuronal and non-neuronal cell types within and surrounding layer I neocortical ectopia in NXSMD/EiJ mice. We show that cells within ectopia have membrane properties of both pyramidal and a variety of nonpyramidal cell types, including fast-spiking cells. Immunocytochemical analysis for different interneuronal subtypes demonstrates that ectopia contain nonpyramidal cells immunoreactive for calbindin-D28K (CALB), parvalbumin (PARV), and calretinin (CR). Ectopia also contain astrocytes, positive for glial fibrillary acidic protein (GFAP) and oligodendrocyte precursor cells positive for NG2 proteoglycan (NG2). Lastly, we provide electrophysiological and morphological evidence to demonstrate that cells within ectopia receive input from cells within layers I, upper and deeper II/ III, and V and provide outputs to cells within deep layer II/III and layer V, but not layers I and upper II/III. These results indicate that ectopia contain cells of different lineages with diverse morphological and physiological properties, and appear to cause disruptions in local cortical circuitry.
Introduction
Focal cortical dysplasia are associated with neurological disorders and cognitive impairments in humans (Arnold et al., 1991; Battaglia et al., 1997; Blümcke et al. 2010; Calcagnotto et al., 2005; Chang et al. 2005; Guerrini et al., 2010; Humphreys et al., 1990; Kaufmann and Galaburda, 1989; Kuzniecky et al., 1989; Kuzniecky and Barkovich, 1996; Palmini et al., 1991b; Palmini et al., 1991c; Thom et al., 2004) . Heterotopias, focal disruptions during cortical development leading to clusters of misplaced cells in grey matter and/or white matter, are associated with reading disability (Chang et al. 2007; Galaburda and Kemper, 1979; Humphreys et al., 1990; Kaufmann and Galaburda, 1989; McCann etal. 2008 ) and epilepsy (Aghakhani et al., 2005; Blümcke et al. 2010; Guerrini et al., 2010; Kobayashi et al., 2006; Krsek et al. 2009; Kuzniecky et al., 1989; Kuzniecky and Barkovich, 1996; Sisodiya 2004; Thom et al., 2004) . Although there is a clear association between FCDs and neurological dysfunction, in order to determine a causal relationship we must first characterize the cells within the dysplastic tissue and their consequences on cortical function.
Heterotopia have been identified in patients with developmental dyslexia and psychomotor retardation (Caviness et al., 1978; Humphreys et al., 1990; Kaufmann and Galaburda, 1989) . Ectopic formations located in layer I of the neocortex, virtually identical to those described in humans, have been characterized in three strains of mice: NZB/BlNJ, BXSB/MpJ, and NXSMD/EiJ Sherman et al., 1987; Sherman et al., 1990) . Molecular layer ectopia in these mice contain 50 or more cells, are located in either the somatosensory (NXSMD/EiJ, and NZB/BlNJ) or frontal/motor (BXSB/MpJ) cortices, and occur in 40-85% of mice (Boehm et al., 1996; Denenberg et al., 1991; Gabel and LoTurco, 2001; Sherman et al., 1990) . Behaviorally, mice with ectopia are associated with spatial and non-spatial working memory deficits (Balogh et al., 1998; Boehm et al., 1996; Denenberg et al., 1991; Schrott et al., 1993; Spencer et al., 1986) , as well as auditory processing deficits (Clark et al., 2000; Frenkel et al., 2000) .
It has been shown that cells within molecular layer ectopia have diverse morphological and physiological properties. Morphologically, ectopia in NZB/BlNJ and NXSMD/EiJ mice contain both atypically oriented pyramidal, aspiny and sparsely spiny non-pyramidal cells . Physiologically, cells within layer I ectopia display regular spiking, burst-discharge accommodating (bAc) and burst-discharge non-accommodating (bNac) action potential properties . Despite the previous characterization of neurons within ectopia, a more detailed analysis is needed. For example, cells within ectopia contain GABA-positive non-pyramidal cells , but the classic fast-spiking interneuron subtype (Galarreta and Hestrin, 1999; Kawaguchi, 2001; McCormick et al., 1985) ; for review see (Connors and Gutnick, 1990) has not yet been identified within ectopia.
Ectopia in humans contain both neurons and glia (Caviness et al., 1978; Humphreys et al., 1990; Kaufmann and Galaburda, 1989) , but histological studies have not yet determined if ectopia in animal models contain similar cell types. Furthermore, examination of the distribution of different cell types within and surrounding the malformation may provide some insight as to possible mechanisms of cortical dysfunction. For example, increased excitability in animal models cortical maldevelopment, such as 4-layered microgyria and tish animal models, has been correlated with a decrease in parvalbumin immunoreactivity within the epileptogenic region surrounding the malformation (Rosen et al., 1998) , concomitant with a reduction in spontaneous inhibitory post synaptic current amplitude and in GABAergic terminals surrounding pyramidal cells was reported in the tish cortex and normotopic cortex (Trotter et al. 2006) . We previously reported that slices containing ectopia display an increased level of excitability (Gabel and LoTurco, 2002) , but the expression of parvalbumin, and other calcium binding proteins present in nonpyramidal cells, has not yet been examined within or surrounding molecular layer ectopia.
In the present study we used electrophysiological and immunocytochemical analyses to examine the distribution of neuronal and non-neuronal cell types within and surrounding layer I neocortical ectopia in NXSMD/EiJ mice. We show that cells within ectopia have membrane properties of both pyramidal and a variety of non-pyramidal cell types, including fast-spiking cells. Immunocytochemical analysis for different interneuronal subtypes demonstrates that ectopia contain nonpyramidal cells immunoreactive for calbindin-D28K (CALB), parvalbumin (PARV), and calretinin (CR). Ectopia also contain astrocytes, positive for glial fibrillary acidic protein (GFAP) and oligodendrocyte precursor cells positive for NG2 proteoglycan (NG2). Lastly, we provide electrophysiological and morphological evidence to demonstrate that cells within ectopia receive input from cells within layers I, upper and deeper II/III, and V and provide outputs to cells within deep layer II/III and layer V, but not layers I and upper II/III. These results indicate that layer I ectopia contain cells of different lineages with diverse morphological and physiological properties. Furthermore molecular layer ectopia appear to cause disruptions in local cortical circuitry.
Results

Ectopia
Molecular layer ectopia, ectopic collections of cells located in layer I of the neocortex, were identified in 300 µm free-floating sections under oblique illumination using a dissecting microscope. In this study, at least one molecular layer ectopia was identified in, 61.5 % (40/65) of all NXSMD/EiJ mice; 66.7% (32/48) of male and 47.1% (8/17) of female NXSMD/EiJ mice. In the majority of mice only one ectopia was present per animal, with the highest rate of occurrence within the somatosensory cortex (82.5%, 33/40), although ectopia were occasionally identified within the frontal cortex (17.5%, 7/40). Multiple ectopia were present in 10% (4/40) of the brains examined, with only 1 of the 4 brains containing two ectopia within the same hemisphere of a 300 µm section. Multiple ectopia predominately occurred in male NXSMD/EiJ mice (75%, 3/4) and all were identified within the somatosensory cortex.
Cells Within Ectopia Display Diverse Membrane Properties
Whole cell recordings were made from 121 neurons in slices containing ectopia in order to examine the membrane properties of cells within and surrounding ectopia. Following depolarizing current injections (900 ms in duration), cells within and surrounding ectopia exhibit a variety of different firing patterns including regular spiking (RS), burst-discharge accommodating (bAc), burst-discharge non-accommodating (bNac), intrinsically bursting (IB), and fast-spiking (FS) action potential patterns. Out of 76 recordings of cells within ectopia a variety of action potential properties were identified with varying degrees of frequency. The majority of cells were RS (60.6%, 46/76), followed by bAc (21.1%, 16/76), bNac (11.8%, 9/76), IB (2.6%, 2/76), and FS cells (3.9%, 3/76; Fig. 1 A & C) . Similarly, cells within layers I-V of the normotopic cortex exhibited a variety of action potential properties. The majority of cells were RS (52.4%, 22/42), followed by bAc (21.4% ,9/42), bNac (19%, 8/42) , IB (4.8%, 2/42), and FS cells (2.4%, 1/42; Fig. 1 B & D) . Together these results suggest that ectopia contain neurons with diverse membrane properties; similar to firing patterns exhibited by neurons within the surrounding normotopic cortex.
Ectopia contain a variety of neuronal and glial cell types
To determine the cellular constituents of layer I neocortical ectopia we performed immunohistochemical analysis of astrocytes (GFAP), oligodendrocyte precursor cells (NG2), pyramidal neurons and a variety of interneuron subtypes by examining the immunoreactive of cells for different calcium binding proteins (i.e. CALB, CR, PARV). Ectopia contain both NG2-( Fig. 2A ) and GFAP- (Fig. 2B ) positive cells, indicating that ectopia contain both astrocytes and oligodendrocyte precursor cells. NG2+ cells are uniformly distributed in all cortical layers of slices containing ectopia, and appear to be distributed without regard to the boundaries of the ectopia ( Fig. 2A) . GFAP positive cells are located throughout the cortex, with the greatest concentration of GFAP+ cells localized to the pial surface and the white matter (not shown) of the surrounding cortex. Within ectopia there is a higher concentration of GFAP+ cells located at the pial surface and at the superficial borders of ectopia, but there are no GFAP+ present below the superficial extent of the ectopia (Fig. 2B ). These data suggest that ectopia contain differentially distributed astrocytes and oligodendrocyte precursor cells.
Postmortem analysis of cells immunopositive for the pyramidal cell marker within ectopia (n = 96) and within normotopic cortex (n = 119 within layer II/III ; n= 111 within layers V and VI) demonstrate a range of soma sizes within the ectopia (4.791 -17.172 microns); comparable to cells in layer II/III (4.545-13.657 microns) and infragranular layers (5.917 -16.735 microns), with a median value of 8.6745 microns, 9.122 microns and 10.633 microns, respectively (Fig. 3) . Both large and small pyramidal neurons located within ectopia can be atypically oriented, with some pyramidal cells being completely inverted. These results suggest that abnormally oriented large and small pyramidal cells are distributed throughout ectopia.
Nonpyramidal cells were identified within ectopia using antibodies that recognize calbindin (CALB), parvalbumin (PARV) and calretinin (CR). Immunohistochemical analysis demonstrated that cells within ectopia are immunopositive for CALB, PARV, and CR subtypes (Fig. 4) . Within the normotopic cortex surrounding ectopia supragranular layer pyramidal cells, and infragranular layer nonpyramidal cells are CALB+. Within ectopia CALB+ pyramidal cells appear to be localized to the base of ectopia, whereas nonpyramidal CALB+ cells are localized near the top of the malformation (Fig. 4A ). PARV+ cells are located in all cortical layers below layer I within the normotopic cortex, and are distributed throughout ectopia (Fig. 4B ). CR+ cells are sparsely distributed throughout all cortical layers within the normotopic cortex, and throughout ectopia (Fig. 4C ). These results demonstrate that cells within ectopia contain CALB, PARV, and CR positive nonpyramidal cells.
Local cortical circuitry in slices containing ectopia
Whole cell recordings were made either within ectopia (inputs) or within the normotopic cortex surrounding ectopia (outputs) while simultaneously applying 1 mM glutamate for brief periods of time (5-300 ms) either within ectopia (outputs), within the normotopic cortex surrounding ectopia (inputs). On average, a positive response was elicited with glutamate applications that lasted 71.5 ± 12.1 ms in duration, with a mode of 40 ms. Positive responses within ectopia were recorded when local application of glutamate was applied for 50 ms within layers I and upper and deeper II/III ( fig. 5A ). Positive responses were also evident when glutamate was applied to layer V (data not shown). Fig 5A provides examples of recordings made within layers I-III, when the glutamate pipette was placed within ectopia. Positive responses were only elicited in cells located in deep layer II/III (Fig. 5A ) and layer V (data not shown), following application of 1 mM glutamate, but never in layer I or upper II/III adjacent to ectopia. Figure 5B demonstrates the percentage of positive and negative responses elicited when examining inputs and outputs between cells within ectopia and cells within layers I-V in the surrounding normotopic cortex.
Consistent with electrophysiological data, camera lucida reconstructions of axons of cells within ectopia demonstrates that cells within ectopia send axons vertically through the base of the malformation (Fig. 6 A, C, and D), but do not appear to send axons horizontally to layers I and upper II/III (Fig. 6 A, B, and D) . Furthermore, axons of cells within ectopia appear to turn when they reach the borders of the ectopia (Fig. 6 B and D) . Together these data suggest that cells within ectopia can receive input from cells in all cortical layers, but may only make reciprocal connections with cells in deep layer II/III and layer V below the malformation.
Discussion
Constituent cells within ectopia
In previous reports we demonstrated that neurons within ectopia can be identified as either atypically oriented spiny pyramidal cells, or aspiny and sparsely spiny nonpyramidal cells which display RS and irregular spiking (bAc and bNac) action potential properties ). Here we show that cells within ectopia exhibit RS and irregular spiking firing patterns, as well as FS and IB firing properties. It is important to note, that although cells were randomly selected for recording, the high percentage of RS cells reflect the accessibility of these cells for recording, rather than indicating that there are quantitatively more RS cells within an ectopia. Within the normotopic cortex of rodents pyramidal cells display RS and IB firing patterns, and non-pyramidal cells exhibit FS and irregular spiking action potential properties (Landry et al., 1984; McCormick et al., 1985; Agmon et al., 1989; Chagnac-Amitai et al., 1989; Kawaguchi et al. 1993, Kawaguchi and Kubota, 1993; Cauli et al., 1997; Gupta et al., 2000;  for review see Connors and Gutnick, 1990) . Consistent with physiological characteristics of cells within ectopia, and reports of heterotopia in patients with epilepsy (Thom et al. 2004 ), ectopic cells have morphologies of pyramidal and a variety of non pyramidal cells based on their immunoreactivity with antibodies against pyramidal cells and their differential expression of CALB, PARV and CR. Within the normotopic cortex of rodents firing properties and expression of calcium binding proteins can be correlated to define subpopulations of nonpyramidal cells. For example, FS nonpyramidal cells are primarily immunoreactive for PARV (Cauli et al., 1997; Kawaguchi and Kubota, 1993 ) irregular bursting cells are predominately CR positive (Cauli et al., 1997) and CALB positive cells are both regular spiking pyramidal cells of layers II/III (Cauli et al., 1997;  for review see DeFelipe, 1997) , and regular spiking non-pyramidal cells of layers II/ III and V (Cauli et al., 1997) .
The distribution of both pyramidal and CALB positive cells suggests that ectopia may contain cells from both supragranular and infragranular layers. For example, ectopia contain pyramidal cells with soma sizes ranging from 4.791 -17.172 µm in diameter. The sizes of pyramidal cells within ectopia are similar to small pyramidal cells within layer II/III and large pyramidal cells within layer V of the normotopic cortex (for review see Cajal, 1995) . Furthermore, CALB immunoreactivity is present in pyramidal cells within layer II/III, as well as in non-pyramidal neurons in infragranular layers (Cauli et al., 1997;  for review see DeFelipe, 1997) , and both CALB positive pyramidal and nonpyramidal cells are located within ectopia. In order confirm that ectopia contain cells from all cortical layers birthdating studies, using an S phase marker at different stages during neurogenesis, need to be performed. Perhaps these studies will not only confirm these results, but also demonstrate an overall organization of cells within ectopia. Together histological and electrophysiological findings suggest that cells within ectopia have similar morphological and physiological characteristics to cells located within supragranular and infragranular layers of the normotopic cortex.
Disruptions in intracortical circuitry within slices containing ectopia
Previously, using electrophysiological and histochemical analysis of cells within and surrounding ectopia, we demonstrated that cells within ectopia receive input from the normotopic cortex surrounding the malformation . Studies using anterograde and retrograde tracers have shown the borders of ectopia restrict projections from ectopia (Jenner et al., 2000) . Here we examined the direct connections between cells within ectopia and cells within layers I, upper and deeper II/III, and V by applying 1 mM glutamate to sites within (outputs) and surrounding (inputs) ectopia. Using this method we showed that neurons within ectopia are reciprocally connected with cells in deep layer II/III and layer V, but connections between cells within ectopia and upper layer II/III and layer V are restricted to inputs into ectopia. Consistent with electrophysiological data, camera lucida reconstructions of cells within ectopia demonstrate that axons are restricted by the superficial borders of ectopia, but are able to project out near the base of the malformation. It is important to note that only a small percentage of neurons (~8% of all recorded cells) were reconstructed using camera lucida, therefore further examination of neurons within and surrounding the malformation may reveal a more complex local circuitry between normotopic and ectopic neurons.
Within the somatosensory cortex of rodents neurons within layers I-III project to layer V, make horizontally connections with other neurons within the layer, and receive input from layers V and VI (Akers and Killackey, 1978; Cauller et al., 1998; Chapin et al., 1987; Fink and Heimer, 1967; Fonseca et al., 1988; Lapenko and Podladchikova, 1983) . Layer V pyramidal neurons project to layer VI, as well as horizontally to other layer V neurons (Lapenko and Podladchikova, 1983) . In other models of cortical malformations, the specificity of cortical connections is maintained even after disruptions in cortical lamination occur (Caviness, 1976; Caviness and Frost, 1983; Simmons et al., 1982; Yorke and Caviness, 1975) . More specifically, heterotopia composed of neocortical neurons located in CA1 of the hippocampus still maintain neocortical connections despite their location in the hippocampus (Chevassus-au-Louis et al., 1998; Tschuluun et al. 2005) . Consistent with these results, misplaced pyramidal and nonpyramidal cells in layer I of the neocortex receive input from neurons within layers I, II/III, and V, however they appear to only send projections to deep layer II/III and layer V neurons with axon projecting through the base of the malformation. Ultrastructural analysis of ectopia showed that pericyte septa (thin invaginations of an intact pia) are located at the superficial border of ectopia (i.e. the dorsal aspect of the ectopia) and seem to provide a boundary between ectopia and the normotopic cortex (personal communication with Dr. AmyJo Stavnezer, The College of Wooster, Wooster, OH). It is possible that axons within ectopia are unable to project across this border resulting in the restricted output of ectopic neurons through the ventral surface of the malformation.
Relationship to other animal models with cortical dysplasias
Cortical dysplasia, such as subcortical band heterotopias, nodular heterotopias, and polymicrogyria, are associated with epilepsy in humans (Andrade 2009; Leventer et al. 2008; Meencke and Janz 1984; Palmini, 1991b; Palmini, 1991c; Fusco, 1992; Meencke and Veith 1992; Chugani, 1993,) . Similarly, animal models of cortical malformations display increased seizure susceptibility in vivo and in vitro (Chen et al., 2000; Jacobs et al., 1999; Lee et al., 1997; Luhmann and Raabe, 1996; Sarkisian et al., 1999) . Previously we showed that mice with spontaneously developing ectopia also exhibit increased seizure susceptibility in vivo and in vitro (Gabel and LoTurco, 2002) , but mechanisms underlying increased excitability in slices containing ectopia remain unclear. In other animal models of cortical dysplasia imbalances between excitation and inhibition and disruptions in cortical circuitry have been suggested to underlie increased excitability.
A reduction in the number of PARV positive interneurons (Zhou & Roper 2010; Roper et al., 1999; Rosen et al., 1998; Sarkisian et al., 2001 ), a down regulation of GABA receptors, and an increase in NMDA and AMPA receptors (Babb et al., 2000; DeFazio and Hablitz, 2000; Luhmann et al., 1998; Redecker et al., 2000) have been shown to occur in models of cortical dysplasia and humans with FCD (Andrade 2009; Spreafico et al. 1998) . In contrast, preliminary examination of the density of PARV+ cells in slices containing ectopia did not show a significant change compared to neurons in the opposite hemisphere (data not shown). Previously reported electrophysiological data also did not suggest an increase, or decrease in NMDA, AMPA, or GABA A receptor-mediated events within ectopia, compared to normotopic cortical cells ). However, synaptic properties of neurons surrounding ectopia have not yet been performed.
Disruptions in cortical and subcortical circuitry within the dysplastic cortex have also been suggested to cause increased excitability in animal models of cortical malformations. For example, callosal and thalamic afferents made to missing lamina within the dysplastic cortex of microgyric rats were re-routed to the paramicrogyrial cortex surrounding the malformation (Rosen et al., 1989; Rosen et al., 2000) . This disruption was suggested to lead to an increase in strength of excitatory connections within the paramicrogyrial zone thus causing increased excitability within this region (Jacobs et al., 1999) . Similarly, examination of the cortical circuitry in animal models of heterotopia indicated that ectopia are aberrantly connected with the surrounding neocortex overlying the heterotopia (Ackman et al. 2009 ) as well as thalamus (Jenner et al., 2000) ; receive input from subcortical structures (Jenner et al., 2000) , and extend axons along axon fascicles underlying ectopia Jenner et al., 2000) which terminate in cortical areas ipsilateral to ectopia (Jenner et al., 2000) . Here we show that ectopia in layer I of the neocortex receive inputs from neurons in layer I, II/III and V, but outputs from ectopia to neurons in layers I and upper II/III appear to be inhibited. Together, the data suggests that molecular layer ectopia contain a variety of cell types indicative of cells from multiple layers, resulting in disruptions in intracortical and subcortical circuitry, which may lead to increased excitability in vivo and in vitro in mice with ectopia.
Experimental Procedure Preparation of Brain Slices for Whole-cell Recordings
Sixty-five adult male and female NXSMD/EiJ mice (68 to 272 days postnatal) were deeply anesthetized with halothane and decapitated. Following decapitation, the brains were rapidly removed from the skull and immersed in an ice-cold, oxygenated sucrose solution containing (concentrations in mM): Sucrose 124.0, KCl 5.0, MgCl 2 2.0, NaH 2 PO 4 (2• H 2 O) 1.23, NaHCO 3 23.8, CaCl 2 2.0; pH = 7.4. The brains were blocked and 300 µm thick coronal serial sections were cut using a Vibroslice (Campden Instruments, London, England). Slices were transferred to a petri dish containing ice-cold, oxygenated artificial cerebral spinal fluid (aCSF) and examined with oblique illumination under a dissecting microscope to identify slices containing ectopia (Fig. 1A & B) . aCSF contained (concentrations in mM): NaCl 124.0, KCl 5.0, MgCl 2 2.0, NaH 2 PO 4 (2• H 2 O) 1.23, NaHCO 3 23.8, CaCl 2 2.0; pH = 7.2, osmolarity = 300 ± 5 mOsm/liter. Slices selected for recording were affixed to 18 mm circular microscope cover slips (Fisher Scientific, Pittsburgh, PA) with plasma/thrombin clots. Slices were maintained at room temperature (20 22° C) in aCSF for ≥1 h in an oxygenated holding chamber before recording began. Prior to whole-cell recording, the 18 mm circular microscope cover slips containing slices were mounted onto the stage of a Nikon Eclipse E-600 FN microscope. Recordings were performed at room temperature (RT, 20 -22° C).
Whole-cell Recordings
Whole cell recordings were made from cells within and surrounding neocortical ectopia in the somatosensory cortex. Slices were visualized, and neurons were targeted using infrared differential interference contrast (IR-DIC) microscopy. Electrodes were pulled from capillary tubing (Garner Glass N51A, Garner Glass Co., Claremont, CA) using a Narishige multi-step electrode puller (Model PP-830) and had resistances of ~ 10 MΩ. The intracellular solution contained (concentrations in mM): Potassium Gluconate 120.0, HEPES 10.0, KCl 1.0, MgCl 2 1.0; the pH was adjusted to 7.4 ± 0.05 with HCl 5.0 N and osmolarity was adjusted to 275 ± 5 mOsm/liter. Current-clamp recordings were made using an Axon Instruments 200B amplifier (Axon Instruments Inc., Foster City, CA), and low pass filtered at 1 kHz. Currents were digitally sampled at 10 kHz and monitored with pCLAMP 8.0 software (Axon Instruments Inc., Foster City, CA) running on a PC pentium computer.
Identification of inputs and outputs
In order to examine the local circuitry between cells within ectopia and the surrounding cortex, we used a picospritzer (Picospritzer II, General Valve Corporation) to locally apply 1 mM glutamate dissolved in aCSF for brief periods of time (5-200 ms) to either the inside of ectopia (outputs) or within layers I, upper and deeper II/III, or V surrounding (inputs) the malformation. Glutamate electrodes, made from glass micropipettes (~5 MΩ), were pulled from capillary tubing (Garner Glass) using a Narishige multi-step electrode puller (Model PP-830). Whole cell recordings were made within layers I, upper and deeper II/III, or V surrounding (outputs), or inside (inputs) ectopia. Upper and lower II/III were identified based on pyramidal cell soma size using IR-DIC microscopy. Following a 300 ms baseline recording a brief pulse (5-300 ms) of 1 mM glutamate was locally applied either within (outputs) or surrounding (inputs) ectopia and the response of the cell to the application of glutamate was monitored for durations of 1-2 s. A positive response was defined as either a fast-rising, complex post-synaptic potential, or an increase in the frequency of post-synaptic potentials that occurred due to the application of glutamate. A negative response was defined as no change in the spontaneous post-synaptic activity following the application of glutamate. Glutamate was applied for increasing durations until a positive response was elicited or until glutamate was applied for a maximum duration of 300 ms. Post-synaptic potentials (PSPs) were identified using Clampfit 8 software (Axon Instruments).
Histological procedures
In all recordings Biocytin (Sigma-Aldrich, St. Louis, MO), ~1-2%, was included in the internal pipette solution. Following electrophysiological recording, slices were fixed in 4% paraformaldehyde for at least 24 hours at 4°C. The tissue was rinsed in phosphate buffered saline (PBS) and sections were treated in 0.5% H 2 O 2 in PBS for 20-30 minutes at room temperature (RT) to eliminate endogenous peroxidase activity. Sections were then permeabilized and blocked with 0.2% Triton X-100 and 1% Normal Goat Serum (NGS) in PBS overnight at 4°C. Tissue was washed in PBS, and then incubated with VECTISTAIN elite ABC reagent (Vector Laboratories, Burlingame, CA) overnight at 4°C. The tissue was washed in PBS and then reacted with diaminobenzidine tetrahydrochloride substrate (DAB) (Vector Laboratories) for 10-15 min at RT. Sections were rinsed in PBS and cleared with 100% glycerol for viewing with a Nikon Eclipse E-400 microscope. In some cases camera lucida reconstructions of axons were performed using a Nikon Eclipse microscope and Neuralucida and Neuralexplorer software (MicroBrightfield Inc., Colchester, VT).
For immunocytochemical analysis, adult NXSMD/EiJ male and female mice were transcardially perfused with PBS followed by 4% paraformaldehyde. Brains were post-fixed overnight at 4°C, blocked in 1.5 -1.9 % agar, and sectioned in the coronal plane on a vibratome, and free floating sections (50 µm) were collected. Standard immunocytochemical procedures were used. Sections were incubated in the following primary antibodies: mouse anti-GFAP (1:500) (Sigma-Aldrich), rabbit anti-NG2 (1:2000) (generous gift from A. Nishiyama), mouse anti-calretinin (1:50) (Chemicon, Temecula,CA) mouse anti-calbindin D28K (1:1000) (Sigma-Aldrich), mouse anti-parvalbumin (1:1000, Chemicon), or mouse anti-pyramidal cell (1:1000, catalog #345, Swant Swiss Antibodies, Bellinoza, Switzerland) in 0.1% Triton X-100, 2.5% NGS, and PBS at 4°C for 40 hours. Sections were rinsed several times with 2.5% NGS in PBS and then incubated in Alexa Fluor 594 goat-antimouse or goat-anti-rabbit (1:200) (Molecular Probes, Eugene, OR), or biotinylated goatanti-mouse IgG (1:200) (Vector Laboratories) secondary antibody for 2 hours at RT. Nuclei in some sections were labeled with 4,6-diamino-2-phenylindole (DAPI) (1:50000). Sections for florescence were collected onto gelatin-coated slides, and coverslipped with Prolong Antifade mounting media (Molecular Probes). Sections incubated in biotinylated secondary antibodies were incubated in avidin and biotinylated horseradish peroxidase mixture for 1 hour at RT. The tissue was rinsed in PBS and then reacted with DAB. These sections were collected onto gelatin-coated slides, dried for several hours and coverslipped with Cytoseal. Images were collected on a Nikon Eclipse E400 Epi-fluorescence microscope (Tokyo, Japan) equipped with a digital Spot Camera (Diagnostic Instruments, USA).
Characterization of pyramidal cell soma size was conducted following immunostaining procedures using the pyramidal cell marker. Overlapping images of the ectopia and normotopic cortex were taken using a Nikon Eclipse E400 Epi-fluorescence microscope (Tokyo, Japan) equipped with a digital Spot Camera (Diagnostic Instruments, USA), reconstructed using Photoshop software. Soma width within the upper layers (layer II/III extent) and deep layers (layers V and VI) of the cortex, as well as within the malformation, were analyzed using ImageJ freeware (rsbweb.nih.gov/ij/). Soma width was measured in pyramidal cells located within as well as medial and lateral to the molecular layer ectopia. Ectopia contain a variety of interneuron subtypes. Expression patterns of neurons immunoreactive for CALB (A), PARV (B), and CR (C) within slices containing ectopia (arrows). Scale bars A-C = 50 µm; Insets = 10 µm. 
